Abstract. Carpal tunnel syndrome (CTS) is the most common peripheral entrapment neuropathy and is often complicated by overuse the wrist in paraplegic and hemiplegic patients. The aim of this study was to determine the usefulness of ultrasound measurements and their best diagnostic criterion for CTS, and to reveal the feature of CTS among paraplegic and hemiplegic patients. Ninety-four patients with 132 wrists clinically and electrophysiologically diagnosed CTS, and 137 asymptomatic controls matched for age and sex were enrolled. Three ultrasound measurements were assessed: major and minor diameters, crosssectional areas, and flattening ratios at pisiform bone and hook of hamate bone levels. Values for each of the three variables without flattening ratios of pisiform bone level were significantly different in CTS population compared to control population. Also, a strong relationship was found between the severity and the enlargement of the median nerve. Total cross sectional areas at the pisiform and hook of hamate levels larger than 16 mm 2 proved to be highly predictive of CTS. The incidence of CTS among hemiplegic and paraplegic patients fully independent of ADL was 8.5%. These handicapped CTS indicated no significant ultrasound values compared to other non-handicapped CTS.
INTRODUCTION
Carpal tunnel syndrome (CTS) is the most common entrapment neuropathy, with dysesthesia in the distribution of the median nerve and pains in the hands, causing thenar muscle atrophy in advanced cases. It is more frequently observed in females, and bilateral involvement is not rare. The diagnosis of CTS is often based on the clinical examination and confirmed by electrophysiological studies. Imaging analyses for CTS have not played an important role in diagnosis. Recently studies using magnetic resonance imaging (MRI) for CTS have been presented. Several reports on ultrasound evaluation of CTS have also been published. Buchberger et al. 1, 2) reported on the ultrasound measurements of CTS for the first time and after that a number of reports on many related subjects have been presented [3] [4] [5] [6] [7] [8] [9] . Diagnostic ultrasound apparatus with high resolution have been greatly improved and the revelation of minute peripheral nerves by ultrasound evaluation has become possible.
Unlike non-handicapped healthy people with idiopathic CTS, hemiplegic patients with cerebrovascular disease (CVD) or paraplegic patients with spinal cord injury (SCI) tend to overuse their unaffected upper limbs 10) , which leads to the high incidence of CTS. It was reported that the CTS incidence of paraplegic patients for SCI tended to be higher with longer time of duration after getting injured 11, 12) . Thus, CTS has been paid attention as a significant disorder of the upper limbs o f h a n d i c a p p e d p e o p l e . H o w e v e r , n o morphological study of CTS of the handicapped by ultrasound measurement has been reported in previous studies. The purpose of this study was to d e t e r m i n e t h e u s e f u l n e s s o f u l t r a s o u n d measurements and their best diagnostic criterion for CTS, and to reveal the features of CTS among hemiplegic and paraplegic patients from the viewpoint of rehabilitation medicine.
METHODS

Subjects
The subjects were 94 patients, 132 wrists, with symptoms diagnosed as idiopathic CTS or CTS due to the overuse of the upper limbs based on electrophysiological studies and physical examinations. The 132 wrists consisted of 101 female and 31 male wrists with the 76.5% being female wrists. Bilateral wrists of 38 patients were involved, while unilateral wrists of 56 patients were involved with almost the same number of right and left wrists. The mean age (yo), the mean body height (cm), body weight (kg), and body surface area (BSA; m 2 ) were measured. Patients undergoing dialysis and post-traumatic CTS whose pathological conditions were different from those described above were excluded. The clinical diagnostic criteria were sensory disturbance in the median nerve innervation area, positive Fallen' sign and positive Tinel' sign in the wrist based on physical examination, regardless of thenar muscle atrophy and opposition disturbances in the inspection. On the electrophysiological studies of the median nerve, the distal motor latency (DML) for 7 cm conduction distance and the sensory latency (SL) for the 14 cm conduction distance with antidromic stimulation were measured. These measurements were performed in an air-conditioned room at 23°C to 25°C. In all the cases, DML and SL were 4.2 msec and 3.7 msec or longer. The severity of CTS was classified into three groups according to DML and SL; a mild group (6 msec or less in both); a moderate group (6 msec or longer and 9 msec or less in both or either of them); a serious group (9 msec or longer in both or not evoked). According to this criterion, wrists were classified into 50 wrists of the mild group, 48 wrists of the moderate group, and 34 wrists of the serious group. The mean duration after the appearance of subjective symptoms was 13.6 months (range 1 to 120 months).
The incidence of CTS complications among hemiplegic and paraplegic patients with preceding motor dysfunction as well as ADL of patients was investigated. The control group consisted of 137 non-handicapped healthy subjects. Pregnant women, cases with diabetes mellitus or other metabolic disorders, traumatic history of the wrist, and crutches or wheelchair in daily use were excluded. The two groups were matched for age, and sex, and there were no significant differences in body weight, BSA, and the distribution of right and left wrists in the two groups by means of the χ 2 test and unpaired t-test (Table 1) .
Ultrasound measurements
All CTS patients and controls underwent ultrasound examination with diagnostic ultrasound apparatus, SSA-380A (Toshiba Corp., Japan) and a 10 MHz linear array probe. The measurements were performed in sitting positions at a table in the posture of elbow joint flexion and forearm 1 . 5 7 ± 0.14 1.56 ± 0.17 0.844
Results are means ± SD. The two groups were matched for age and sex. There were no statistical differences between the two groups in any variable except body height. CTS: carpal tunnel syndrome. BSA: body surface area.
supination with the wrist kept in a neutral position.
Images of axial and sagittal sections were revealed and the measurements were done by the axial section mainly. In general, the carpal tunnel with the passage of the median nerve and flexor tendons of fingers is located in the navicular tubercle and trapezoid bone in the radial side, and hook of hamate and pisiform in the ulnar side. From anatomical consideration, landmarks of the ultrasound measurements were sited at the levels of the pisiform (proximal portion of carpal tunnel) and hook of hamate (distal portion of carpal tunnel). Then the following measurements were performed: (1) the major and minor axes (mm) of the median nerve at pisiform level were measured first, and the flattening ratios (major axis/minor axis) were calculated to obtain the index of nerve compression. Also the cross-sectional areas of the median nerve were calculated by the indirect method with the formula: major axis × minor axis × π × 1/4 (mm 2 ). This method was applied under the assumption that the cross section of the median nerve would be elliptical. (2) Similarly, the major and minor axes, flattening ratios, and cross-sectional areas at the hook of hamate level were measured and calculated. Ultrasound measurements were performed by a s i n g l e e x a m i n e r ( M . A . ) b e f o r e d e f i n i t e electrophysiological diagnosis of CTS.
Actual ultrasonography of CTS is shown in Fig.  1 . The median nerve is recognized as a hypoechoic structure and the flexor tendons run below the median nerve at the pisiform level, passing close to the tendon of the flexor pollicis longus commonly. The sagittal section image revealed no enlargement or compression in the control group while nerve enlargement was observed in the group with CTS.
Informed consents were obtained from all the cases including those of the control group with the consideration of their human rights, in this study. The data were analyzed statistically by the unpaired t-test in comparison with the control, one-way ANOVA in the severity of CTS, and the criterion for statistical significance was a p value of less than 0.01 (p<0.01). The sensitivity, specificity, positive predictive value (PPV), negative predictive value (NPV), and likelihood ratio were obtained as ultrasound diagnostic criteria.
RESULTS
Comparison with the control group
The median nerves in all the cases were easily revealed and measurable. In the CTS group, mean values of all the measurement items except for that of flattening ratio at the pisiform level were significantly greater than those in the control group (p<0.01). The major and minor axes of the median nerve of the CTS group became longer significantly resulting in a cross-sectional area twice that of the control group at both the levels of the pisiform and hook of hamate. The mean cross-sectional area at the pisiform level in the CTS group was enlarged to 11.5 mm 2 , while it was 6.3 mm 2 in the control group; the mean cross-sectional area at hook of hamate level in the group with CTS enlarged to 10.8 mm 2 , while it was 6.5 mm 2 in the control group. Moreover, the mean flattening ratio at the hook of hamate level in the CTS group was significantly larger, 3.4, than the control group 3.0 (Table 2) .
In the control group, the mean values of measurement items tended to be greater in males than in females with no significant differences. However, in the CTS group, the values tended to be greater in females than in males with no significant differences as well.
Relationships with severity
T h e s e v e r i t y o f C T S b y m e a n s o f electrophysiological studies was classified into three groups: a mild, a moderate, and a serious. At the pisiform level, the mean major and minor axes and the cross-sectional areas were shown to be significantly longer and larger in the moderate and serious groups while the flattening ratios were shown to be significantly greater in the serious group only (p<0.01). In the serious group at the hook of hamate level, the mean major and minor axes and flattening ratio tended to be longer and greater but not significantly, except for the major axes, while only the mean cross-sectional area was shown to be significantly larger (p<0.01). In conclusion, higher severity of CTS is related to the nerve enlargement to a high extent (Table 3) .
Parameters in ultrasound measurements
The 101 wrists of women with CTS and the 100 wrists of women in the control group were selected for study. The cross-sectional areas and flattening ratios were studied, for the ultrasound diagnostic criteria. For cross-sectional areas of 8 mm 2 or larger at the pisiform level, sensitivity and specificity were 87.6% and 90.6%, respectively. For cross-sectional areas of 8 mm 2 or larger at the hook of hamate level, sensitivity and specificity were 81.6% and 91.9%, respectively, thus showing higher specificity at both levels. In addition, under the conditions of total cross-sectional areas of 16 mm 2 or larger at both the levels of pisiform and hook of hamate, sensitivity and specificity were highest, 95.1% and 96.9%, respectively, with higher positive predictive value (PPV), negative predictive value (NPV), and likelihood ratio as well. Conclusively, the cross-sectional area is regarded as the best and most reliable parameter while the flattening ratio alone should not be used for either sensitivity or specificity (Table 4) . 10.8 ± 3.6 6.5 ± 1.3 <.0001
Results are means ± SD. Calculations:flattening ratio = major axis/minor axis. cross-sectional area (as an elliptic shape) = major axis × minor axis × π × 1/4. 
Carpal Tunnel Syndrome of the Handicapped
Handicapped CTS patients in this series were three males with three wrists and four males with four wrists among hemiplegic patients with CVD and one female with both wrists, a paraplegic patient with SCI, 8.5% of all cases. The mean age was 62.1 and the breakdown of the severity was: three wrists, serious CTS; four wrists, moderate CTS; and two wrists, mild CTS. These cases with CTS were assumed to be due to the overuse of unaffected limbs. In seven among hemiplegic patients, the upper limbs in the affected side were nonfunctional, but the lower limbs could be used possible in ambulations with or without orthosis or a cane. They were all independent in ADL, with unaffected upper limbs which were overused daily. In one paraplegic patient, CTS was observed bilaterally. This case was also independent in ADL using her wheelchair. The mean major and minor axes, flattening ratios, and cross-sectional areas at the pisiform level of the handicapped were 5.7 mm, 2.4 mm, 2.4, and 10.7 mm 2 , respectively, while at the hook of hamate level they were 6.2 mm, 2.0 mm, 3.1, and 10.2 mm 2 , respectively with no significant differences from those of the entire group with CTS. The total cross-sectional areas at the two levels were all 16 mm 2 or larger. The mean duration after the appearance of subjective symptoms of CTS was 13.9 months with no significant difference from that of the entire group with CTS (Table 5) .
DISCUSSION
It is only a short time since ultrasound measurement of the peripheral nerve has been introduced. At first, the examination was applied to relatively revealable nerve tumors; however, it gradually became clinically practical to measure minute peripheral nerves following improvements of the performance of ultrasound apparatus and digitalization. Up to now, the number of reports on ultrasound measurement of CTS, especially on its quantitative evaluation of many subjects has been limited. The measurement methods in previous reports were based on axial section images. With landmark placement at various locations, many methods became available for the measurements of the major and minor axes, of cross-sectional areas, of flattening ratios of median nerves, and of retinaculum bowings. In this study, for comparison, the levels of pisiform and hook of hamate which are clear landmarks were selected, and an indirect method for easier calculation of nerve crosssectional areas was used which resulted in slightly smaller values than by the direct method. The results show that the major and minor axes and nerve cross-sectional areas were significantly longer and larger in the group with CTS than in the control group at both levels, except for the flattening ratios at the pisiform level. This means that the change in nerve compression in the proximal position is not distinctive.
Buchberger et al. 1) put emphasis on the crosssectional areas calculated by the indirect method and on the flattening ratio at the pisiform and hook of hamate levels as well as on the bowing of retinaculum in subjects with 25 wrists. In their study, the mean flattening ratio and area at the pisiform level (the mean of the controls) were 3.2 (3.0) and 19.4 mm 2 (8.1 mm 2 ), respectively while at the hook of hamate level they were 5.6 (3.1) and 13.6 mm 2 (7.7 mm 2 ), respectively, which were considerably different from the results in this study. On the other hand, Duncan et al. 3) reported the mean flattening ratio and indirect cross-sectional area at the hook of hamate level to be 3.17 (2.72) and 11.4 mm 2 (6.8 mm 2 ), respectively, in subjects with 102 wrists. Lee et al. 4) reported the mean indirect crosssectional area at the pisiform level to be 18.2 mm 2 (male 9.3 mm 2 and female 8.3 mm 2 ) with 100 wrists. In addition, they classified the severity into three groups by electrophysiological studies and showed that the larger area had higher severity. Sarría et al. 5) reported the flattening ratio showed no significant difference compared to the control in subjects with 64 wrists, and regarded indirect crosssectional areas of 11 mm 2 or larger and retinaculum bowing of 2.5 mm or longer as the best indices of the ultrasound measurements. These reports show that the greater values and larger cross sectionalareas are caused by nerve enlargement due to higher severity of CTS. In the cases with higher severity of CTS, the nerve enlargement noted to a higher extent was obvious even at the hook of hamate level in the distal carpal tunnel. Nakamichi et al. 6) reported subjects with 201 wrists with idiopathic CTS and put emphasis not only on the compression but also on the nerve enlargement, considering the presence of correlation between the electrophysiological severity and the cross-sectional area. Their data were based on Japanese subjects, who had similar major and minor axes to those been in this study.
Studies on CTS with MRI have been presented since the late 1980s. Many reports [13] [14] [15] [16] [17] [18] mention the changes in higher intensity of the median nerve due to the compression and the nerve enlargement. Moreover, in a comparative study, Keberle et al. 18) reported close correlations between the MRI results and ultrasound measurements, and indicated high sensitivity in both according to their diagnostic criteria. Based on the aforementioned reports, the author considers that since MRI and ultrasound give almost the same values, ultrasound measurements are probably reliable and useful. In addition, Buchberger 18) mentions that low cost and time requirement favor the use of sonography as the initial imaging study in evaluating the carpal tunnel, and the author agreeds with this view.
The greatest effectiveness of ultrasound measurement rests in the convenience and reliability of technical skills and expensive digital ultrasound a pparatus are not regarded a s advantageous. From the results in this study and previous reports, the author is assured of the high accuracy of ultrasound measurement. At present, ultrasound evaluation can display other peripheral nerves, and has been extended to clinical use of cubital tunnel syndrome 19) . Therefore, the auther considers that ultrasound measurement should be the first choice for entrapment peripheral neuropathy with the greatest emphasis on the electrophysiological studies and physical examinations as before.
In this study, the flattening ratio was not a pp rop riate as a para mete r of u ltra sou nd measurement, a result different from that of Buchberger et al 1, 2) . Rather, the nerve enlargement was recognized to be the best parameter. Duncan et al. 3) reported the highest sensitivity and specificity in areas 9 mm 2 or larger at the pisiform level. Kele et al. 9 ) reported the highest sensitivity and specificity in cross sectional-areas 11 mm 2 or larger in the proximal position among subjects with 110 wrists. Also, Wong et al. 8) reported the highest sensitivity and specificity in areas 9.8 mm 2 or larger at the proximal position in subjects with 35 wrists. Similar results were obtained in this study. Considering the higher severity with larger crosssectional areas at the levels of pisiform and hook of hamate, both with nerve enlargement even in the distal portion of the carpal tunnel, the author regards the total cross-sectional areas of both levels as highly reliable criteria for ultrasound measurement; because the sensitivity and specificity were highest, 95.1% and 96.6%, respectively, with the highest likelihood ratio in the indirect cross-sectional areas of 16 mm 2 or larger. In view of race and physique, the results in this study could be basic data for Japanese.
The reason for the high incidence of the complication of CTS in paraplegic patients with SCI is overuse of upper limbs in transfer and wheelchair driving as well as forced dorsiflexed posture of wrists in motion. The highest pressure in the carpal tunnel in the dorsiflexed posture has already been reported 20) . On the other hand, in hemiplegic patients with CVD, the unaffected upper limb tends to be overused and the wrist is often in the dorsiflexed posture in ambulation with a cane. Sato et al. 10) mentioned significantly high DML and SL in the unaffected limbs in electrophysiological examination, and that Tinel's sign was recognized in 57.7% of hemiplegic patients with non-functional hands. Among seven hemiplegic patients with CTS in seven wrists in our study, no useful hands were recognized in the affected upper limbs of all the cases, who were independent in ADL, which was noteworthy. Enough consideration and care should be given to these patients in walking with the use of cane. On the other hand, many reports on complications with CTS in paraplegic patients have been presented. Gellman et al. 11) and Aljure et al. 12) reported that the incidence was 40% and 49%, respectively. The incidence of complications tends to increase with long duration from the onset, and bilateral involvement was not rare. Though there was only one paraplegic patient in this study, periodical medical examinations are necessary for patients with SCI, considering the high incidence of complications with CTS. From this point of view, ultrasound measurements would be extremely useful and convenient. Much consideration must be given to the treatment of handicapped patients with CTS so as not to inhibit their ADL, at best. It would be better to use a night splint 21) in patients with mild and moderate severity of CTS, a different treatment from that for the non-handicapped. The author considers that ultrasound measurement is useful for the evaluation of the peripheral nerve to diagnose and examine new disorders of the handicapped at an early stage.
CONCLUSION
Ultrasound measurement of the median nerve was performed on subjects with CTS. The major and minor axes and elliptical cross-sectional areas in patients with CTS were significantly longer and larger than those of the control group; greater severity of CTS tended to accompany the nerve enlargement to a higher extent. According to the results on the sensitivity and specificity, the total cross-sectional areas of both the pisiform and hook of hamate levels were found to be the best diagnostic criteria. The incidence of complication with CTS in hemiplegic and paraplegic patients is high, and all were independent in ADL, so overuse of the unaffected upper limb was assumed. The ultrasound measurement is a non-invasive means and appears to be easily performed. However, additional experience and high resolution ultrasound apparatus, as well as further anatomical knowledge are required for improvement of the measurement.
